Current drain is one of the most important considerations in the hearing aid design. It is determined mainly by the receiver impedance. Recently, many additional features and technologies such as wireless are used in the hearing aid devices. These capabilities increase the current drain further. Efficiency evaluation becomes an important step in the receiver selection for hearing aid devices. Balanced armature receivers are widely used in hearing aids. In comparison with the moving-coil loudspeakers, these receivers are designed for better efficiency in closed acoustical loads found in different hearing aid styles. However, the receiver efficiency for hearing aid applications is not well defined, evaluated, or reported. In this paper, the receiver efficiency including the effect of the receiver size, impedance, and acoustical load is discussed. The evaluation of the receiver efficiency is revisited and a new approach is suggested. The simulation and the measurement results are presented.
INTRODUCTION
Hearing aid (HA) devices have developed from simple audio amplification and analog audio circuit to a digital device with complex hardware and firmware. The hearing aid functionality has expanded from audio amplification and magnetic pick up to a vibrant device able to communicate wirelessly with other devices such as TV and cellphones. The wide expansion of hearing aid capability requires effective and miniaturized hardware and components with minimum current consumption. Furthermore, the introduction of rechargeable batteries to hearing aid does not change the requirement for longer battery life.
The hardware components that draw current from the battery of the hearing aid include receiver, microphone, digital audio circuit, and components for wireless communications. Hearing aid receivers are one of the main contributors to the battery current drain. The receiver impedance can vary significantly from one device to another and from hearing aid style to another. However, the receiver impedance and efficiency impact the current drain as well as the acoustical output available from the receiver with acceptable distortion. Furthermore, the receiver is also the main component that determines the size of the hearing aid. Therefore, understanding and evaluation of receiver efficiency, receiver size, and hearing aid current drain is an important aspect of hearing aid design.
The acoustical output of the receiver depends on the acoustical load which is different from one hearing aid style to another. Therefore, determining the receiver efficiency and measure it in a consistent manner has been a challenge. The efficiency is sometimes determined as the output pressure level when applying a voltage with value calculated from a defined electrical power at one frequency (typically 500 Hz). Therefore, the measured level depends on the receiver performance at that frequency. Also, the electrical power used for reference is not consistent for all receivers and manufacturers which make the efficiency evaluation of different receivers difficult.
Analysis of the frequency characteristics of hearing aid battery drain and receiver sensitivity provide details regarding current drain that enable better approaches for receiver efficiency evaluation. Since the size and efficiency of HA components are critical parameters in the design, the suggested approach can be used consistently for receiver efficiency-size characterizations.
FREQUENCY CHARACTERISTICS OF HEARING AID CURRENT DRAIN AND RECEIVER SENSITIVITY
It is well known that the hearing aid acoustical performance or the receiver sensitivity depend on many factors including the acoustical load and the frequency. The frequency characteristics of the acoustical output of the receiver can significantly vary between receiver designs or between variations of the same design. The ratio of the ow frequency output to the main peak or to the high frequency output can vary significantly for receivers. Therefore, characterization of the receiver efficiency based on one frequency such as 500 Hz or 1 kHz does not provide a full picture of the receiver performance needed for modern and complex hearing aids. It is important to determine the frequencies that are critical for HA power consumption. Issues of the correlation between the HA battery current and the receiver sensitivity are provided below.
Measurements of battery current are included in some hearing aid standards and guidelines such as ANSI S3.22-2009 [1] and IEC 118-0 [2] . Most of the guidelines require battery current measurements performed at 1000 Hz or 1600 Hz for input sound pressure level (SPL) of 65 or 60 dB. The guidelines also specify the setting of the gain level during the measurements. These settings usually provide HA acoustical gain lower than the maximum acoustical gain available from the hearing aid. Hearing aid standards related to battery current are generally based on three frequencies: 1000 Hz, 1600 Hz and 2500 Hz.
To demonstrate the variability in current drain with respect to frequency, three hearing aids representative of different styles were built and tested. The styles are: behind-the-ear (BTE), receiver-in-canal (RIC), and in-the-ear (ITE). The coupler used has 2ܿ݉ ଷ (2cc) air volume and the current drain with varying frequency is measured for input sound pressure level of 90 dB, 70 dB and 60 dB. Hearing aid gains during the current drain test are set per ANSI S3.22-2009. Figure 1b shows the receiver sensitivity with the same acoustical load used in the current drain measurements for BTE HA. The shape of the acoustical performance of tested HA (data not provided) resembles the sensitivity shape of the used receiver.
The test results for high input level indicate that the frequency of the highest peak of current drain (figure 1a blue) is close to the second peak of the receiver sensitivity (figure 1b). The current drain is also high for low frequencies as well as for frequencies of the main sensitivity peak and third sensitivity peak. For lower input level (70 dB), the highest current drain peak occurs at the same frequency as the maximum receiver sensitivity.
(a) (b) FIGURE 2. RIC HA battery current (a) and receiver sensitivity (b).
The current drain peak for the RIC device (figure 2a) is mainly for the peak frequency of the receiver sensitivity (figure 2b). However there is a significant current drain around 1 kHz for 90 dB input level.
Measurements results for the in-the-ear (ITE) custom device are shown in figures 3. The acoustical loads of the receiver in the current drain measurement and the sensitivity measurement are not the same; therefore the shape of the HA acoustical performance is slightly different compared with the shape of the receiver sensitivity. The ITE HA current drain (figure 3a) is high on low frequencies with 70 dB input level. However, at 90 dB the current drain is dominated by the peak at a frequency offset from the peak frequency of the receiver sensitivity (figure 3b). Meantime, this peak frequency matches the peak frequency of the acoustical performance of the hearing aid tested (data not shown). This can be explained by the difference between the acoustical load for the receiver sensitivity measurements and the actual receiver load in this custom hearing aid. Since custom ITE hearing aids may have variation in the acoustical load (tubes) of the receiver, the current drain may vary noticeably. The test results for three HA styles indicate that the frequencies of maximum current drain can vary significantly between HA styles and designs. Also, the peak frequencies of the current drain are not necessarily at 1000 Hz, 1600 Hz, 2500 Hz or on low frequency. In practice, the level of the input acoustical signals (speech, music, noise, or others) is different from the above measurements and not consistent with varying frequency. The input sound level is concentrated on a defined spectrum and therefore moves the current drain peak profile toward its spectrum, adding variation to the actual current drain. Furthermore, hearing aids may have many functions and hardware components that can noticeably affect the frequency distribution of the battery current. Therefore, wide-band efficiency evaluations of hearing aid components especially the receiver is critical for analysis of hearing aid power consumption.
SUGGESTED APPROACH FOR RECEIVER EFFICIENCY EVALUATION
As shown in the previous section, evaluation of the receiver efficiency performance over wideband frequency response is needed for comprehensive analysis of HA battery drain. In addition, a consistent approach in efficiency characterization allows for better evaluation, comparison, and selection of receivers during hearing aid design.
Efficiency of Electroacoustic Transducers
Many concepts of electroacoustic transducer can be used for balanced armature receivers. Equivalent electrical circuit and the signal transformation between electrical, magnetic and acoustical domains are examples. Efficiency of typical electroacoustic transducer (moving coil loudspeaker) is based on the equivalent electrical circuit represented as block diagrams in figures 4 and 5. The following symbols are used in the block diagrams: V-Voltage, I-Current, F-Force, U-Velocity, Z-Impedance and P-Pressure. K=BL is the electromechanical transformation factor where B is the magnetic flux density and L is the length of the coil wires. This factor is real and constant [3] . The motional impedance is:
where ܼ = ܴ + ݆ܺ is the mechanical impedance of the transducer and ܼ = ܴ + ݆ܺ is the radiation impedance. The electroacoustical efficiency of the transducer (in %) is determined by:
Motional Circuit where ܲ is the radiated acoustical power and ܲ is the consumed input electrical power. The efficiency can be calculated from the acoustical power radiated due to the radiation resistance ܴ and the electrical power consumed at the electrical resistances in the input circuit as follows [3] :
where ܴ is the electrical resistant in the input circuit. The mechanical and acoustical properties of the loudspeaker including the efficiency (equation 3) can be determined from the impedance measurements in different conditions such as blocking the diaphragm from movement [3] to determine ܼ or ܴ . In fact, the input impedance loop can provides information regarding the efficiency.
Suggested Approach
The block diagram of typical balanced armature receivers used in hearing aids with occluded fitting is shown in figure 6 , with S representing the signal transformation from the mechanical domain to the acoustical domain. There are three main differences regarding the efficiency between the receiver represented in figure 6 and the loudspeaker represented in figure 4: 1-The acoustical output in figure 6 is defined at the coupler for occluded fitting. The coupler design and its air volume can be different (2cc, occluded ear simulator-OES or others) therefore ܼ values can vary for typical hearing aid styles and measurements. However, for open fitting conditions the radiation resistance should be considered as the case for the loudspeaker.
2-The acoustical power from the loudspeaker is the power from the radiation resistance which is also part of ܼ -the total acoustical load of the loudspeaker. The total acoustical impedance (load) for balanced armature transducer in occluded fitting HA is a combination of four impedances: ܼ , ܼ ௦ , ܼ ௧ , and ܼ . The acoustical impedance inside the receiver ܼ depends on the receiver design. The spout design (ܼ ௦ ) can be different for the same receiver type. ܼ ௧ is determined by the hearing aids style and ܼ ௦ is mainly determined by the applications of the hearing aid measurements.
3-Defining the receiver parameters and the efficiency based on the impedance and different test conditions, similar to the loudspeaker approach, is not practical for hearing aid designs. The receiver electromechanical transformation factor (K) is not a real value and there are noticeable losses in the magnetic materials [3] which make the efficiency evaluation based on the impedance impractical. In addition, some acoustical load is already part of the receiver design and it is difficult to change the test condition such as blocking the armature movement without changing the receiver acoustical circuit (ܼ ).
For occluded (closed) fitting hearing aid applications, the acoustical power ܲ from the receiver and the efficiency E are:
Since pressure at the eardrum is considered the actual output of the hearing aid and almost all of the HA acoustical measurement standards and guidelines are based on the output pressure, ܲ ଶ should be used for efficiency.
Acoustical Tubes C Also, the receiver efficiency can be determined for the same acoustical tubes or hearing aid style (the same ܼ ௧ ) and the same measurement application (the same ܼ ). Therefore, ܼ ௧ + ܼ is constant and can be removed from equation 5 when comparing receiver efficiencies. The modified E value can be called pressure efficiency level (PEL) and determined in dB as:
PEL and the receiver sensitivity depend on the receiver size. Since the hearing aid design generally requires minimum component size, Volume-Rated PEL or VRPEL can be defined as:
where ‫ܮܧܴܸܲ‬ is in dB and ‫݈ܸ‬ is the receiver volume in ݉݉ ଷ which is determined by the outlines of the receiver without the spout or the solder pads.
It is important to note that PEL is for closed acoustical load or occluded fitting conditions which is the case for most hearing aid measurements. However, as previously noted, the acoustical radiation should be used for open fit hearing aids to determine the acoustical output for efficiency.
PSPICE simulation is used to determine the PEL per equation 6. The impedance, sensitivity and PEL for a relatively large size receiver in 2cc coupler with 10 mm long tube and 1 mm diameter are shown in figure 7 (the receiver PSPICE part is provided by the manufacturer). FIGURE 7. Receiver PEL, electrical impedance and sensitivity (simulation). Figure 7 shows that the frequencies of PEL peaks are close to the frequencies of maximum sensitivity or maximum impedance, however it can be noticeably apart from it for other receivers or test conditions.
Measurement Results
PEL measurements were performed for 12 receivers manufactured by Knowles and Sonion. 2 cc coupler and two types of acoustical tubing are used. The first type is 10 mm long round tube with 1 mm diameter (10x1mm tube). It represents the average tube in typical ITE hearing aid style. The second type consists of 4 tubes that represent the acoustical tubing in BTE hearing aid style. The lengths and diameters are as follow: 8x1mm, 28x1.5mm, 25x2mm and 18x3mm. In addition, PEL measurements for receivers used in the simulation (figure 7) are performed and the results (figure 8) show good correlation with the simulation. FIGURE 8. Receiver PEL, electrical impedance and sensitivity.
Since the receiver spout design impact the acoustical output and PEL test results, all of the receivers selected for measurements have the same spout location on the receiver. Several different impedances of the same receiver type are included in the measurements and the PEL averages are shown in figures 9 and 10. Each PEL curve is the average of two samples of each receiver type and impedance. (2) indicates duplicate-size receiver.
FIGURE 10. PEL for 12 receivers with ITE acoustical load. Labels represent the relative volumes of the receivers and (2) indicates duplicate-size receiver. 6.9 7 7 (2) 10.8
